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Summary
Lignin is the defining constituent of wood and the second
most abundant natural polymer on earth. Lignin is produced
by the oxidative coupling of three monolignols: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol [1]. Monoli-
gnols are synthesized via the phenylpropanoid pathway
and eventually polymerized in the cell wall by peroxidases
and laccases. However, the mechanism whereby monoli-
gnols are transported from the cytosol to the cell wall
has remained elusive. Here we report the discovery that
AtABCG29, an ATP-binding cassette transporter, acts as a
p-coumaryl alcohol transporter. Expression of AtABCG29
promoter-driven reporter genes and a Citrine-AtABCG29
fusion construct revealed that AtABCG29 is targeted to the
plasma membrane of the root endodermis and vascular
tissue. Moreover, yeasts expressing AtABCG29 exhibited
an increased tolerance to p-coumaryl alcohol by excreting
this monolignol. Vesicles isolated from yeasts expressing
AtABCG29 exhibited a p-coumaryl alcohol transport activity.
Loss-of-function Arabidopsis mutants contained less lignin
subunits and were more sensitive to p-coumaryl alcohol.
Changes in secondary metabolite profiles in abcg29 under-
line the importance of regulating p-coumaryl alcohol levels
in the cytosol. This is the first identification of a monolignol
transporter, closing a crucial gap in our understanding of
lignin biosynthesis, which could open new directions for
lignin engineering.
Results and Discussion
Coexpression Analysis of AtABCG29
Lignin is an important component of cell walls that gives
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mpg.de (T.T.)genes has attracted much attention during the last decade. All
steps of the phenylpropanoid biosynthesis leading to lignin
precursors are carried out within the plant cell [2]. However,
the last step, polymerization of the monolignols, occurs in
the apoplastic space. This requires that monolignols be trans-
ported across the plasma membrane, a process that has been
recently reported to be an ATP hydrolysis-dependent trans-
port [3]. In order to identify genes involved inmonolignol trans-
port, we performed a coexpression network analysis with the
ABCG transporter subfamily (previously called WBCs and
PDRs) of Arabidopsis using the ATTED-II database (http://
atted.jp/). Members of the ABCG subfamily have been shown
to transport a broad range of fatty acids and terpenoids. We
therefore wondered whether this class could also be impli-
cated in the transport of phenolic compounds. The results re-
vealed that AtABCG29/PDR1, a member of the full-size ABCG
subfamily [4, 5], exhibited a high coexpression ratio with three
genes of the phenylpropanoid biosynthesis pathway (see Fig-
ure S1 available online), which is involved in the synthesis of
lignin andflavonoids [1]. Thewell-correlatedgenescorrespond
to two 4-coumarate coenzyme A (CoA) ligases (4CL2 and
4CL5), which convert hydroxycinnamic acids into hydroxycin-
namoylCoAesters, andonecaffeoylCoA-O-methyltransferase
catalyzing the conversion of caffeoyl CoA into feruloyl CoA [6].
Moreover, seven further genes related to phenylpropanoid
biosynthesis are coexpressed with AtABCG29, albeit with
lower coexpression ratios (Figure S1). In concordance with
our data, Ehlting and colleagues [7] reported that AtABCG29
showed an expression pattern in primary stems consistent
with that ofmonolignol biosynthetic genes and increased lignin
content. Therefore, these results rendered AtABCG29 a good
candidate transporter for monolignol export.
Tissue-Specific Expression and Subcellular Localization
of AtABCG29
To investigate tissue-specific expression, we used a 2.2 kb
fragment upstream the AtABCG29 coding sequence to drive
the expression of the GUS reporter. GUS activity was detected
mainly in the primary and secondary roots, but not in the root
tip (Figures 1A–1C). Meristematic cells at the root tip do not
deposit lignin; therefore, the expression pattern observed in
Figure 1B corresponds to that expected for a monolignol
exporter [8]. In addition, in 2-week-old plants no GUS signals
were detected in the hypocotyl and the upper part of the
primary root (Figure S2A), probably because in this part of
the root, monolignol synthesis and deposition are reduced
[9, 10]. We also detected GUS expression in the lower part of
the stem and whole vasculature of rosette leaves (Figure S2B)
and anthers, where the endothecium contains a high level of
lignin and siliques (Figures S2C and S2D) [11]. Public micro-
array data indicate that AtABCG29 is expressed mainly in
the roots and stems (http://bar.utoronto.ca/efp_arabidopsis/
cgi-bin/efpWeb.cgi), corresponding to the parts of a plant con-
taining a higher amount of lignin [12], whereas expression in
flowers and siliques is lower. In order to get a higher resolution
of the expression pattern, we fused the 2.2 kb upstream frag-
ment to the 42 kDa fluorescent reporter protein NLS-GFP that
contains a classical nuclear localization sequence (NLS) but
Figure 1. AtABCG29 Is Detected in Vascular Tissue and Plasma Membrane of Endodermal Cells in Roots
(A–C) AtABCG29 promoter-GUS (promABCG29::NLS-GFP-GUS) reporter gene expression in 5-day-old seedling (A) and in 2-week-old plant root (B and C).
For tissue localization of AtABCG29, a fluorescent reporter protein NLS-GFP driven by the native promoter (promABCG29::NLS-GFP-GUS) was used.
(D–F) Five-day-old root seedling treated with 10 mM propidium iodide (D), GFP fluorescence (E), and overlay (F).
(G–I) Localization ofCitrine-ABCG29 expression driven by an endodermis-specific promoter CASP1 (pCASP1::ABCG29N-Citrine) in 5-day-old root seedling
(G) and under bright-field illumination (H). (I) shows a close-up image of an endodermal cell; the arrowhead indicates the position of the Casparian strip
domain. Scale bar in (I) represents 5 mm.
(J and K) AtABCG29 promoter::Citrine-ABCG29 (pABCG29::Citrine-ABCG29) gene expression in root endodermal cells (J) and bright-field illumination (K).
See Figure S2.
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1208lacks nuclear retention or export signals [13]. This construct
demonstrated that AtABCG29 is only expressed in the endo-
dermis and vascular tissue above the elongation zone (Figures
1D–1F). These results are consistent with the Arabidopsis
Gene Expression Database (AREX) (http://www.arexdb.org)
and further support the hypothesis that AtABCG29 might be
involved in lignin biosynthesis.
To study the subcellular localization of AtABCG29, we fused
a yellow fluorescent protein (citrine) to the N terminus of
AtABCG29 (ABCG29N) and expressed it under the control of
anendodermis-specificpromoter (pCASP1::Citrine-ABCG29N)
[14] and the endogenous promoter (pABCG29::Citrine-
ABCG29N). Endodermis-specific expression was chosen
because the endodermis is the largest and outermost cell layer
in which ABCG29 is endogenously expressed, and pCASP1
drives strong expression in this cell layer, making it ideal
for subcellular localization studies. Citrine-AtABCG29N was
detected at the plasma membrane of the endodermis except
in the Casparian strip domain (CSD) (Figures 1G–1I). The
pABCG29::Citrine-ABCG29N protein was also detected in the
plasma membrane of endodermal cells (Figures 1J and 1K),
albeit with a much weaker signal. The fact that the fluorescent
signal is interrupted in the CSD, where plasma membrane
proteins are excluded [15], indicates that the peripheral
AtABCG29 signal represents indeed plasma membrane andnot cortical ER or the vacuole, in which cases a continuous
signal would be expected.
Functional Analysis of the AtABCG29 Gene Product
The three most abundant monolignols are p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol. Upon incorporation
into the lignin polymer, these monomers are referred to as
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units,
respectively [1, 2]. Because we hypothesized that AtABCG29
is involved in lignin synthesis acting as a monolignol exporter,
we expressed AtABCG29 in the YMM12 yeast strain that
carries loss-of-function mutations in eight ABC transporters.
The mutant displays delayed growth even under normal
growth conditions (Figure 2A), which was expected because
many of the PDRs are important for cellular detoxification
and cell fitness during cell growth [16]. We therefore tested
the effect of the three monolignols on yeast growth. The addi-
tion of coniferyl alcohol to the growth medium decreased the
growth rates of YMM12 but also those of the wild-type (WT)
and YMM12 expressing ABCG29 (Figure S3A). No significant
effect could be observed in the presence of sinapyl alcohol
in any strain tested (Figure S3B). In contrast, whereas upon
exposure to p-coumaryl alcohol, growth of the WT yeast was
not affected, that of YMM12 was strongly retarded compared
to that on control medium. YMM12 expressing AtABCG29
Figure 2. Growth Inhibition by p-Coumaryl
Alcohol of a Yeast ABC Transporter Mutant
Is Rescued by Expression of AtABCG29 that
Mediates the Efflux of p-Coumaryl Alcohol
(A and B) Growth of wild-type yeast (YPH449,
WT), a mutant strain with the empty pNEV vector
(YMM12), and an AtABCG29-overexpressing
mutant strain (YMM12 ABCG29) was monitored.
The yeast cells were grown in SCD (A) or
SCD + 3 mM p-coumaryl alcohol (B). The growth
curves are derived from the mean values of four
independent cultures for each time point. The
experiment was repeated three times with similar
results.
(C) p-coumaryl alcohol accumulation. Cells from
WT yeast (:) mutant strain with the empty
pNEV vector (B) and AtABCG29 overexpression
(C) were grown overnight in SCD, and 2 mM
p-coumaryl alcohol was added at time 0.
(D)p-coumaryl alcohol efflux. Cells from the yeast
strains described for (A) were loaded with 2 mM
p-coumaryl alcohol for 1.5 hr at 4C, washed,
and resuspended in p-coumaryl alcohol-free
SCD medium at time 0. Data are presented as
the percentage of p-coumaryl alcohol concentra-
tion at time 0. Actual values of this 100% (time
point 0) were 5.6, 8.7, and 4.7 pmol p-coumaryl
alcohol/mg yeast cells by WT, YMM12, and
YMM12 ABCG29, respectively.
(E) Time-dependent p-coumaryl alcohol up-
take into microsomes. For non-ATP-dependent
uptake, the reaction mix lacked ATP.B, pNEV2
ATP; C, pNEV + ATP; 6, pNEV-AtABCG29 2
ATP;:, pNEV-AtABCG29 + ATP.
(F) Inhibition of AtABCG29 transport by 1.5 mM
vanadate and 5 mM NH4Cl (control, without in-
hibitor). Results are the mean values of three
independent cultures for each time point. The ex-
periments were repeated four times with similar
results. **p < 0.01.
All error bars are SD calculated from three
technical replicates. See Figure S3.
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1209exhibited an intermediary phenotype, indicating that this
ABCG protein was able to export p-coumaryl alcohol and
reduce its toxic effect in yeast (Figure 2B). In order to gain
further proof as to whether AtABCG29 acts as a p-coumaryl
alcohol transporter, we performed time-dependent loading
and unloading assays. Yeasts expressing AtABCG29 accumu-
lated less p-coumaryl alcohol than the empty vector control
(Figure 2C). Our hypothesis could be confirmed by performing
efflux analysis from preloaded yeasts. Whereas p-coumaryl
alcohol was only slowly released from YMM12 cells, both
WT and AtABCG29-expressing cells efficiently released
p-coumaryl alcohol (Figure 2D). The transport of p-coumaryl
alcohol by ABCG29 transporter appears to be substrate
specific because no differences were observed in loading
and unloading analysis of sinapyl or coniferyl alcohol in yeast
cells (data not shown). ABCG29-expressing yeasts export
amounts of p-coumaryl alcohol similar to their corresponding
WT despite that they grow more slowly in the presence of
this monolignol. This can be explained by the fact that growth
of the multiple mutant is not only affected by p-coumaryl
alcohol (Figure 2A). Further evidence that AtABCG29 acts as
a p-coumaryl alcohol transporter was obtained by performing
transport experiments with yeast microsomes. The efflux
activity observed in yeast cells can be detected as p-coumaryl
alcohol uptake after the addition of MgATP because the
membrane isolation results in a mixed population of right-side-out and inside-out vesicles. The uptake of p-coumaryl
alcohol into yeast vesicles was strongly increased in vesicles
isolated from AtABCG29-expressing yeasts (Figure 2E). The
residual transport activity may be due to diffusion or to an
intrinsic low-capacity transporter [17]. Furthermore, vanadate,
which is an effective inhibitor of ABC transporters, inhibited
the ATP-dependent p-coumaryl alcohol uptake by more than
60%, whereas NH4Cl, which abolishes the transmembrane
H+ gradients, exhibited a negligible inhibitory effect (Figure 2F).
To test whether ABCG29 could transport other components of
lignin biosynthesis, we performed further transport experi-
ments with yeast microsomes. The uptake of sinapyl alcohol
was slightly increased (Figure S3C), but no differences were
observed for coniferyl alcohol, cinnamic acid, ferulic acid, or
caffeic acid (data not shown). These results strongly suggest
that AtABCG29 represents a p-coumaryl alcohol exporter
that may have some minor activity toward sinapyl alcohol.
Phenotype of abcg29 Mutant Lines
To obtain further evidence that AtABCG29 acts also as a
p-coumaryl alcohol exporter in planta, we tested whether
abcg29 knockout mutants are more sensitive to toxic concen-
trations of p-coumaryl alcohol. We identified two T-DNA inser-
tion lines for AtABCG29 in the SALK collection (SALK_081047,
abcg29-1 and SALK_102381, abcg29-2) (Figure 3A). Using
these seeds, we isolated two homozygous loss-of-function
Figure 3. AtABCG29 Confers Resistance against Toxicity Effects of p-Coumaryl Alcohol and Is Upregulated by This Substrate
(A) Positions of the insertion in the T-DNA of atabcg29. Filled box and open boxes represent the 30 untranslated region and exons of the gene, respectively.
Insertions were at the fifth exon. ATG, initial codon; TAG, stop codon.
(B)AtABCG29 transcript levels inWT andmutant lines determined by semiquantitative real-time PCR. Total RNAwas extracted using TRIzol reagent. cDNAs
were synthesized using an RT-PCR kit (Promega) with M-MLV reverse transcriptase.
(C) Inhibition of plant growth byp-coumaryl alcohol. Plantswere grown in half-strengthMSmedium for 2weeks under long-day conditions (16:8) at 22C.WT
plants were Col-0.
(D) Primary root lengths of 2-week-old seedlings grown on medium supplemented with 1.5 or 2 mM p-coumaryl alcohol (n > 15).
(E) Transcript levels of AtABCG29 in root seedlings treated with 5 mM p-coumaryl alcohol. RNA was extracted from roots of 2-week-old seedlings grown in
liquid culture. Total RNA was extracted using TRIzol reagent. cDNAs were synthesized using an RT-PCR kit (Promega) with M-MLV reverse transcriptase.
Transcript levels were quantified by quantitative real-time PCR. To amplify AtABCG29 cDNA, we performed PCR using the specific primers
50-TCCGAAATGGTGGATATGGTA-30 and 50-TGCCAAAAGCAAACATAAACG-30 and Tubulin primers 50-CCTGATAACTTCGTCTTTGG-30 and 50-GTGAACTC
CATCTCGTCCAT-30.
For (D) and (E), results are the mean values of three independent experiments. Experiments were repeated three times with similar results. *p < 0.05,
**p < 0.01. All error bars are SD calculated from three technical replicates.
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1210mutants (Figure 3B). When plants were grown on p-coumaryl
alcohol-supplemented medium, root lengths of the loss-of-
function mutants were significantly shorter than those of the
WT plants (Figures 3C and 3D). No significant growth differ-
ence could be observed on control Murashige and Skoog
(MS) agar plates. To determine whether AtABCG29 is involved
in resistance to other components of lignin biosynthesis, we
grew abcg29 loss-of-functionmutant plants onmedia contain-
ing sinapyl alcohol, coniferyl alcohol, cinnamic acid, ferulic
acid, or caffeic acid; however, the growth rates were not
different from those of WT plants (data not shown). In plants,
ABCGs are very often upregulated by their substrate. There-
fore, we performed a quantitative real-time PCR analysis for
AtABCG29 RNA levels upon exposition of 5 mM p-coumaryl,sinapyl, or coniferyl alcohol. Whereas a 3.5-fold upregulation
was observed for plants exposed to p-coumaryl alcohol after
8 hr (Figure 3E), no differences were detected for sinapyl or
coniferyl alcohol (data not shown). These results further under-
line the importance of AtABCG29 in exporting p-coumaryl
alcohol.
Differential Accumulation of Monolignols and Nontargeted
Metabolite Profiling
At this point, it was important to determine whether the
absence of AtABCG29 has an impact on lignin contents or
monolignol composition. To answer this question, we used
targeted gas chromatography-mass spectrometry (GC-MS)
metabolite profiling of thioacydolized roots [18, 19]. Using
Table 1. Changes in the Contents of Lignin Thioacidolysis Products in
abcg29 Mutant Lines, as Identified by GC-MS
WT abcg29-1 abcg29-2
p-hydroxyphenyl 11.0 6 0.6 7.7 6 1.0* 8.5 6 0.3**
guaiacyl 112.9 6 4.5 85.9 6 9.8* 87.7 6 1.3**
syringyl 5.6 6 0.6 3.8 6 0.5* 3.9 6 0.3*
Data are presented as nmol/g fresh weight 6 SE. Relative peak areas of
erytho and threo forms are summarized and used for evaluation of unit
levels of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) forms. Analysis
was conducted with four independent biological replicates. *p < 0.05,
**p < 0.01.
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1211this approach, we succeeded in obtaining highly reproducible
results. Interestingly, not only the H content but also G and S
were significantly reduced in the abcg29 knockout mutants
by 23% and 32%, respectively (Table 1). In WT as well as in
mutant plants, G was by far the predominant constituent,
whereas low levels of both H and S units constituted only
approximately 8% and 5%, respectively, of the total lignin
(Table 1). These data are not in concordancewith the accepted
idea that lignin of angiosperms consistsmainly of G andSunits
and a low content of H subunit [2]. Based on the transport
specificity of AtABCG29 for H (Figures 2 and 3), we could
hypothesize that altered export of p-coumaryl alcohol can
affect biosynthesis and/or transport of coniferyl and sinapyl
alcohol, thus resulting in an overall effect on lignin synthesis.
The fact that despite a reduction in lignin contents we could
not observe a phenotype is not surprising because it was
shown that plants with less lignin, with changes in the H/G/S
proportion, or with the presence of other phenolic compounds
in the lignin composition show little or no obvious phenotypic
effects [2, 20, 21]. The observation that the amount of G and S,
monolignols that are not transported or are only marginally
transported by ABCG29, is decreased raised the question of
whether other metabolites were also affected in this mutant.
To answer this question, we performed unbiased metabolite
analyses using GC-MS and liquid chromatography-mass
spectrometry (LC-MS). Interestingly, the levels of flavonols
and aliphatic glucosinolates in the abcg29 mutant lines are
much lower than in WT (Figure S4A). In a more detailed exper-
iment, the lower part of plantlets was divided into three parts—
root tip, main root, and hypocotyls—and the resulting sections
were analyzed separately. In the root tip and hypocotyls, only
slight changes in flavonol and glucosinolate contents were
observed when compared to WT. By contrast, we observed
a strong decrease of these metabolites in the midpart (Fig-
ure S4B). The changes in the flavonol and glucosinolate
profiles are well correlated with the expression of ABCG29 in
roots (Figure 1). When assessed at the individual metabolite
level, abcg29-1 and abcg29-2 had reduced levels in the roots
of quercetin (Q)- and kaempferol (K)-derived flavonoids [22],
anthocyanin 9 (A9), sinapoyl malate, and sinapoyl glucose
[23] and five aliphatic and three indole glucosinolates [24]. In
contrast, only minor changes could be observed for primary
metabolites, and most of these changes were not conserved
across both mutants. To verify whether AtABCG29 could
also act as a flavonoid transporter, we performed experiments
with kaempferol and kaempferol-3-O-glucoside but could not
detect any transport activity for these substrates (data not
shown). Interestingly, affecting glucosinolate biosynthesis
has been shown to result in an altered pattern of phenylpro-
panoids [25].The metabolite profiling results suggest that
decreased transport activity of p-coumaryl alcohol in theabsence of AtABCG29 can regulate levels of diverse sec-
ondary metabolites in direct and indirect ways. To gain more
evidence for this hypothesis, we performed quantitative real-
time PCR analysis for several genes coding for enzymes of
the pathways where altered metabolite levels were observed.
This revealed that phenylammonia lyase (PAL1), chalcone syn-
thase (CHS), and anthranilate synthase (ASB1), key enzymes
for the production of phenolic compounds, flavonoids, and
glucosinolates, respectively, were consistently decreased
(Figure S4C).
In summary, our experiments using yeasts and plants
strongly suggest that AtABCG29 is a p-coumaryl alcohol
exporter. It may also play a minor role for sinapyl alcohol
export. Analysis of the lignin constituents showed that in
abcg29mutants, not only p-hydroxyphenyl is present at lower
amounts but also guaiacol and syringyl as well as a large
number of flavonoids and glucosinolates. Quantitative real-
timePCRanalysis indicates that impairedexport ofp-coumaryl
alcohol has a large impact on the completemetabolic pathway
of phenolics and glucosinolates and hence that the network
and crosstalk of this metabolic network may be even more
complex than assumed [26, 27]. Nevertheless, identification
of ABCG29 as a p-coumaryl transporter adds a new layer to
our understanding of lignin biosynthesis and, together with
the discovery of additional monolignol transporters, could
represent an important entry point for future manipulations of
this pathway.
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